Introduction
Differential equation methods such as the finite element method (FEM) can be used to model the open region of a scattering problem by truncating the finite element mesh at some artificial boundary. The field components at the mesh termination plane are then forced to satisfy a differential equation, also known as a absorbing boundary condition (ABC), for an outward travelling wave. Such an approach has been extensively studied for two-dimensional applications. However, the implementation of the FE-ABC formulation and its performance in computing scattering from three-dimensional geometries has not been given similar attention.
In this paper, we consider a FE-ABC solution of the scattering by arbitrary threedimensional structures. The computational domain is discretized using edge-based tetrahedral elements. In contrast to the node-based elements, edge elements can treat geometries with sharp edges, are divergenceless and easily satisfy the field continuity condition across dielectric interfaces [l] . They do, however, lead to a higher unknown count but this is balanced by the greater sparsity of the resulting finite element matrix. Thus the computation time required to solve such a system iteratively with a given degree of accuracy is less than the traditional node-based approach (21.
In this paper, we briefly discuss the specifics of our FE-ABC implementation. Some results are then presented which demonstrate that remarkably accurate solutions can be obtained by enforcing the ABC a s m d fraction of a wavelength from the scatterer. This is in contrast t o our experience with two-dimensional applications and is probably due to the faster (l/r rather than 1/fi) decay of the propagating fields.
Absorbing boundary conditions
Based on the Wilcox expansion for a vector radiation function [3] one can derive annihilation operators BN [4] such that the first N terms of a vector radiation expansion vanish when operated on hy B N . Thus, BN(E) = 0 is an approximate ABC of order N to be enforced on the surface of a sphere of radius T . For N = 2 (second order ABC), we have 
where a = jk, P = 1/(2jk t 2 / t ) and s is an arbitrary parameter. On setting s = 2, the second order ABC reduces to a symmetric finite element matrix. Note that the Sommerfeld radiation condition is a special case of (3) with P = 0.
Finite element formulation
For simplicity, let us consider the problem of scattering by a conducting body. To solve this problem using the finite element method, it is necessary to enclose the scatterer within a fictitious surface denoted by S. The scattered field, denoted by E, satisfies the Helmholtz vector equation interior to S and the absorbing boundary condition at S. The equivalent variational problem for this is given by
where F denotes the functional given by [4] Upon imposing the boundary condition at the surface of the scatterer which states that the total tangential electric field vanishes at the conducting surface, we obtain the final system whose solution yields the field components over the entire domain. In our implementation, only the non-zero elements of the [A'] matrix were stored and the resultant system was solved using the biconjugate gradient algorithm.
Results
In figure 1 , we present the backscatter data from a 0.3X x 0.3X plate. The Sommerfeld radiation condition was employed at the mesh termination boundary placed 0.3X away from the edge. The comparison with a standard integral equation code is seen to be excellent. Figure 2 compares the measured bistatic cross-section (Oi = 180',& = 90') of a metallic cube having an edge length of 0.755X with the corresponding pattern computed by the three-dimensional FEABC code. The second-order vector ABC was employed at the mesh truncation boundary which was placed only 0.1X from the edge of the cube. About 33000 unknowns were used for the discretization of the computational domain and the [ A ] matrix contained a total of 264000 distinct non-zero entries. The storage requirement of this matrix is consequently much smaller than the 2000 unknown system generated by the boundary integral approach which has 4 million non-zero entries. Figure 3 presents backscatter data for a cylinder of radius 0.3X and height 0.6X. The data from the three-dimensional finite element code again compare well with that obtained from a moment method-body of revolution code. The mesh was terminated at a distance of 0.3X from the edge of the scatterer and the system consisted of about 33000 unknowns and converged to the solution in about 350 iterations when using the Sommerfeld radiation condition. Each iteration took approximately 0.3 seconds on a Cray YMP and on the average it was found that for N > 25000, the number of iterations required was of the order of N/100.
The above results point out that the mesh truncation boundary could be placed a few tenths of a wavelength away from the scatterer t o obtain reliable results. This is probably because in three dimensions, the scattered fields decrease as l / r whereas in two dimensions, the rate of decrease is proportional t o 1/fi. Figure 3 : B a c k a t t e r pattern of a metallic cylinder of radius 0.3X and height 0.6X using Sommerfeld radiation condition. The axis of the cylinder coincides with the z-axis of the coordinate system.
